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INTRODUCTION 

Goals o f  part iculate research a t  t h e  Grand Forks  Energy Technology Center 
(GFETC) include detailed characterization o f  f ly  ash w i th  respect t o  those proper -  
t ies which relate t o  cont ro lab i l i t y  as well as possible environmental hazards o f  emis- 
sions. The  focus i s  en t i re ly  on low- rank  western and Gulf  Province coals, whose 
propert ies are d is t inc t l y  d i f f e ren t  from those o f  eastern coals. Typ ica l l y  t he  wes- 
t e r n  coals have h igh  moisture, low su l fu r ,  and large var iat ions in the  d i s t r i bu t i on  
of inorganic constituents. 

Beulah, a Nor th  Dakota l igni te,  was used in t h e  combustion tests o f  p r imary  
in te res t  t o  th i s  paper.  Th is  l ign i te  i s  ex t raord inar i l y  var iable in i t s  inorganic con- 
st i tuents.  For example, t h e  sodium content can have a tenfold var iat ion w i th in  a 
few hundred meters in a single seam (1). T h e  specific Beulah l ign i te  used was 
selected f o r  i t s  h i g h  sodium content.  

The f l y  ash was generated f o r  t h i s  research us ing  t h e  GFETC Particulate Tes t  
Combuster (PTC), i l l us t ra ted  in t h e  schematic in F igure  1. Th is  unit i s  an axial ly-  
f i r ed  pulver ized coal combustor w i th  a nominal consumption of 34 k g  coal /hr .  T h e  
unit i s  designed t o  generate ash character ist ic o f  t h a t  produced w i th  similar fuel  in 
a fu l l -s ized utility boi ler .  Ax ia l  f i r i n g  maximizes the  f ly ash/(bottom ash + slag) 
rat io.  The  fly ash samples f o r  analysis were collected a t  t h e  in le t  t o  the  baghouse 
w i th  two devices, a f ive-stage multicyclone and a source assessment sampling system 
(SASS). The f lues are  equipped w i th  heat exchangers permi t t ing  de l i very  o f  f l ue  
gas t o  the  chosen control  device at  temperatures f rom -10Oo to  390OC. Dur ing  these 
tests, t he  PTC was equipped w i th  an experimental baghouse because o f  on-going 
fabr ic  f i l t e r  research at  GFETC. T h e  PTC instrumentat ion permits measurement o f  
f lue gas condition such as temperature and concentrations of SO2,  NOx, 0 2 ,  and 

The  coal and fly ash were characterized b y  several analytical techniques. The 
inorganics of the  coal were examined b y  an ex t rac t ion  technique which selectively 
removes the  inorganics depending upon t h e i r  association in the  coal (2). Low tem- 
pera ture  ashing w i th  subsequent x - r a y  d i f f rac t ion  was used t o  i den t i f y  t he  mineral 
phases of t he  coal. T h e  f ly  ash was examined and analyzed by scanning electron 
microscope/microprobe, Electron Spectroscopy f o r  Chemical Analysis (ESCA), x - ray  
d i f f rac t ion  and x - r a y  fluorescence. 

cop. 

COAL CHARACTERISTICS 

The inorganics associated w i th  the  Beulah l ign i te  consist o f  a complex mix tu re  
of cations bound t o  the  humic acid groups, possible chelates o r  coordination com- 
plexes, minerals formed d u r i n g  coalification, and minerals accumulated d u r i n g  de- 
position. Trad i t ionar  and non-tradi t ional  methods were used t o  examine the  coal char- 
acteristics. The  tradi t ional  analysis o f  t h e  l ign i te  i s  summarized in Table 1 which 
l is ts the  ultimate analysis, moisture, heat ing value, and major element ash analysis. 

One of t h e  two "non-tradi t ional  methods" used i s  low-temperature ashing in  an 
oxygen plasma a t  15OOC w i th  x - r a y  d i f f rac t ion  analysis t o  determine the  crystal ine 
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phases in t h e  ash. T h e  phases ident i f ied include SiO2 (quar tz ) ,  FeS2 (pyr i te) ,  
kaolinite, and CaCO, (calcite). The  second method involves a procedure which 
selectively removes inorganics (2).  The  ion-exchangeable cations and soluble salts 
are removed with 1 M  ammonium acetate. The coal i s  then extracted w i th  1M hydro- 
chlor ic acid t o  remove chelated species, acid decomposible minerals such as carbon- 
ates, and oxides. The  inorganics remaining in t h e  coal can include FeS2, organ- 
ical ly bound su l fu r ,  quar tz ,  and clay minerals. T h e  elements found  t o  be  extracted 
w i th  ammonium acetate a re  Na (100% o f  t h e  total  Na content), Mg (88%), Ca (41%), 
and K (57%). The  elements removed b y  HCI are Mg  (20%), AI (61%), Ca (50%) and 
Fe (30%). The elements which remain are  Si (loo%), Fe (70%), AI (40%), and S 
(100%). Table 2 summarizes a s tudy  o f  t h e  inorganic const i tuents in Beulah l igni te 
and the  geologic formation it is  f ound  in. 

TABLE 1. TYPICAL COAL AND COAL ASH ANALYSIS OF BEULAH, N .D .  LIGNITE 

Ultimate Analysis, as Fired 

Carbon 46.29% 
Hydrogen 5.29 
Nitrogen .62 
Su l fu r  .99 
Ash 8.2 
Moisture 27.2 
Heating value 17,460 J /g  

(7512 Btu / lb )  

Coal Ash Analysis, Percent 

S i02  22.3 
A1203 11.7 
Fe203 9.8 

CaO 15.7 
T i 0 2  0.9 

MgO 5.3 
Na20 9.9 
K 2 0  0.7 
503  23.0 

ASH SAMPLING 

F ly  ash i s  sampled isokinet ical ly in  th ree  ways in the  PTC: 1) Using a modified 
U.S.  EPA "method 5" (3) d u s t  loading f i l te rs ;  2) b y  collection in a Southern Re- 
search Inst i tute* 5-stage mult icyclone which simultaneously samples isokinet ical ly 
and size fractionates t h e  ash (4,5); 3) by collection in a three-stage cyclone module 
o f  an  Acurex* Source Assessment sampling system o r  "SASS-Train" (6,7). Nominal 
aerodynamic size ranges f o r  t he  mult icyclone and the  SASS-Train, at  t h e  stated flow 
rates, appear in Table 3. Nominal size ranges, expressed as aerodynamic diameters 
in pm are  those corresponding t o  actual  f low rates employed. T h e  f i gu res  represent 
t h e  mass median diameters (D50) o r  " c u t  points", o f  the  size d i s t r i bu t i on  en ter ing  
o r  leaving t h e  stage. 

Un ivers i ty  of Washington Mark  I l l *  cascade impactors were used to  more pre-  
c isely determine par t i c le  size d i s t r i bu t i on  (7). T h e  cumulative par t i c le  size d i s t r i bu -  
t ion, expressed in aerodynamic diameters, appears in Figure 2. Th is  data i s  used 
on ly  f o r  comparison. The  b u l k  o f  t h e  character izat ion work  was done on the  mult i -  
cyclone and SASS Tra in  samples because t h e  masses o f  part ic les collected by the  
impactor are v e r y  small and inadequate f o r  analysis. 

*Reference to specific b rand names and models i s  done to  faci l i tate unders tand ing  
and ne i ther  const i tutes n o r  implies endorsement by t h e  Department o f  Energy.  
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TABLE 2. INORGANIC CONSTITUENTS IN BEULAH 
LIGNITE AND SENTINEL BUTTE FORMATION (2) 

Beulah L ign i te  Sentinel Bu t te  Formation 

Constituent Whole Coal S ink  Fraction Overburden L ign i te  Underclay 

Alkal i  feldspars 
Augi te 
Baru te  
Biot i te 
Calcite/dolomite 
Chlor i te 
Galena 
Gypsum 
Hematite 
Hornblende 
I l l i te  
Kaolinte 
Magnetite 
Montmori I lonite 
Muscovite 
Plagioclase 
Pyr i te  
Quartz 
Rut i le 
Volcanic glass 

xxx 

X 
X 
X 

X 

xxx 
xxx 

X 

X 

xxx 
xxx 

X 

xx 

xx 
X 

X 

X 
xxx 
xxx 

xx 

X 
xx 
xx 

X 
xx 
xx 

xxx 

xxx 

xxx 

X 

X 

X X 
X 
X 

X 
X 

xxx 
xx 

X X 
xxx xxx 

X xxx 

X X 

xxx xxx 
xx 

XXX Abundant 
XX Common 
X Minor 

TABLE 3. AERODYNAMIC SIZE RANGES (UPPER AND LOWER D50 CUT POINTS) AND 
SAMPLE FLOW RATES OF GFETC'S ASH SAMPLING EQUIPMENT 

~ ~~~~ 

Southern Research Ins t i tu te  Acurex/Aerotherm 
Instrument Multicyclone SASS Train* 

Flow ra te  employed 9.36 113.2 
STD I/min 

Stage No. 1 2 3 4 5 1 2 3  

Nominal size range >10.3 10.3-5.6 5.6-4.15 4.15-1.9 1.9-1.55 >IO 10-3 3-1 
(upper and lower 
D50) rpm 

RESULTS AND DISCUSSION 

F ly  ash samples were collected by the  SASS T r a i n  t o  p rov ide  larger masses b u t  
only 3 size cu ts  f o r  x - r a y  fluorescence (XRF) and x - r a y  d i f f rac t ions  (XRD) .  The 
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elemental t rends  determined by XRF analysis show increasing concentration O f  Na20 
and SO, and decreasing Si02, CaO, Fe203, and MgO w i th  decreasing part ic le size. 
Very l i t t l e  change was no ted  f o r  A1203 o r  the  minor elements (Ti02, KzO., and 
Pz05) .  These relat ionships a r e  i l l us t ra ted  graphical ly in Figure 3. X - ray  dl f f rac- 
tion was used t o  ident i f y  t h e  crystal l ine species in each size f ract ion.  The  trends 
show t h e  fol lowing relat ionships.  

1 .  Na2S04, Na2Ca(S04)2 are  present  in the  smaller size fractions. 
2. Si02, CaO noted in la rger  size f ract ions and no t  in smaller size frac- 

t ions.  Fe3O4-MgFe2O4-Mg0 phases decrease from la rger  t o  smaller 
size f ract ions.  

3.  Possible AI2SiO5 and K 2 S 0 4  phases noted in smallest size fractions. 

These two  b u l k  part ic le character izat ion methods show the  t rends  of the  elemental 
d is t r ibu t ion  versus  par t i c le  size and how the  elements are combined. The most in- 
terest ing t r e n d  i s  t he  inc reas ing  amount o f  Na20 and SO3 wi th  decreasing part ic le 
sizes. T h i s  leads to  t h e  part ic le- to-part ic le characterization us ing  the  scanning 
electron microscope/microprobe f o r  var ious sizes o f  part ic les collected w i th  t h e  5- 
stage multicyclone. 

The scanning electron microscope (SEM) equipped w i th  an energy dispersive 
x - ray  analyzer was used t o  image and analyze part ic les down t o  -1pm in size. The 
particles were selected a t  random f o r  analysis by us ing  a g r i d  over lay of points 
generated by random numbers on  the  SEM photomicrograph. A typ ica l  SEM pl;oto- 
micrograph is shown in F igure  4. One hundred  part ic les fo r  each stage were ana- 
lyzed, determining 10 elements p e r  part ic le,  and sized. A l l  data was entered i n to  a 
computing system f o r  correlat ion analysis. 

The average par t i c le  size determined f rom t h e  SEM photomicrographs fo r  each 
stage are l is ted in Table 4. Tab le  4 also l i s ts  the  Na20 and SO3 concentration 
averages f o r  all f i v e  stages along w i th  t h e  ra t io  o f  Na20 t o  SO3. The  concentra- 
t ions of NazO and SO3 increase as part ic le decreases and the  ra t io  of Na20 t o  SO3 
is v e r y  close to  t h a t  o f  p u r e  Na2S04 f o r  stages 1, 3, and 4. The  part ic les collect- 
ed in stage 5 are n o t  consistent w i t h  the  o ther  stages in particle-size o r  in the  ra t io  
o f  NazO t o  SO3. T h e  reasoyf 'for t h e  inconsistence in t h e  rat io could b e  due t o  t h e  
bimodal d is t r ibu t ion  o f  SO3 shown in F igure  5, and also t o  the  presence o f  Na2Ca- 
(SO412 noted b y  XRD in the  small size f rac t ion  o f  t h e  SASS samples. 

The compositional re lat ionships can be represented b y  plots o f  composition v e r -  
sus composition fo r  selected cons t i tuent  pa i rs .  These p lo ts  can be  used t o  ascertain 
the  or ig in  o f  certain species f rom t h e  or ig ina l  mineral  matter o f  the  coal and t h e  
interactions t h a t  have occur red  d u r i n g  combustion. For example, F igure  6 i l lus- 
t ra tes  t h e  compositional p lots f o r  several combinations. F igure  6-1 represents t h e  
p lo t  of A1203 versus  Si02 which reveals a c lus te r  o f  points around a slope of 
approximately 0.8. Minerals hav ing  been ident i f ied  in Beulah (2) include biotite, 
kaolinite, muscovite, and i l l i te,  where the  Al/Si ra t io  i s  in the  range of 0.67-1.0. 
From th i s  it can be suggested t h a t  t h e  alumino-sil icate framework remains in tac t  
a f te r  combustion. T h e  common clay minerals have a range in composition o f  25-45% 
A1203 and  35-50% Si02. Since most o f  t h e  part ic les in F igu re  6-1 contain less than 
these percentages, e i ther  t h e  aluminosilicates somehow became combined w i t h  addi- 
t ional  elements o r  became coated. 

The  plot  of Na20 versus  CaO in F igu re  6-2 shows inverse  relationship which is  
supported b y  t h e  XRF data in F igu re  3. 

In t h e  plots of S i02  versus  SO3 and  A1203 versus  SO3, Figures 6-3 and  6-4, 
t he re  is a c rude negat ive correlat ion between S i02  o r  A1,03 and SO3. Despite con- 
siderable scatter, many o f  t h e  po in ts  l i e  in t h e  region along lines connecting clay 
minerals, a t  0% SO3, w i t h  Na2S04 o r  g lauber i te  a t  0% S i02 .  T h i s  is consistent w i th  
c lay- l ike part ic les becoming coated w i th  Na2S04. 
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TABLE 4. SIZE, SODIUM, AND SULFUR RELATIONSHIPS 
FOR EACH STAGE OF THE MULTICYCLONE 

Weight Average 

Stage Particle Size ,vm Na2 O,% so3 ,% Na20/SOa 

1 5.48 8.60 10.98 0.79 
2 1.99 10.78 12.53 0.86 
3 1.29 13.20 17.02 0.78 
4 1.20 13.98 19.43 0.72 
5 1.38 14.99 23.05 0.65 

Na20/S03 in p u r e  Na2S0, = 0.78 

Surface analysis o f  t he  part ic les was performed u t i l i z ing  ESCA. The  ESCA 
analysis technique analyzes t o  a depth  o f  20 to  30A. A typ ica l  ESCA scan i s  shown 
in F igure  7 fo r  Stage 5 part ic les.  The major const i tuents found on  t h e  surface in- 
clude Ba, 0, Ca, Na, C, s, and Si. T h e  publ ished b ind ing  energies (8) o f  the  
elements detected b y  the  detailed ESCA scans show t h a t  Na, Ca, and Ba are present  
as sulfates. The Na, AI, and Si may be  t ied  u p  as silicates, but detailed b ind ing  
energies f o r  such compounds are  unavailable in the  l i te ra tu re .  

T h e  surfaces o f  t he  part ic les were characterized b y  a sputter-etching technique 
used t o  remove surface layers followed b y  subsequent ESCA analysis. It was found 
tha t  carbon and su l fu r  were concentrated on  t h e  surface of a l l  f i v e  stages o f  t h e  
multicyclone samples. Contamination o f  t he  surface o f  t h e  part ic les can la rge ly  b e  
a t t r ibu ted  to  the high concentrat ion o f  carbon. The  presence o f  sodium was noted 
on t h e  surface o f  t he  la rger  part ic les b u t  in the  smaller size f ract ions ((1.5 pm) the  
sodium concentration was more uni form th roughout  the  dep th  analyzed by spu t te r i ng  
Campbell and others (9) also showed t h a t  Na, S, and C were found on t h e  surface 
o f  ash particles. In all cases, except f o r  Stage 5, Ca, AI, and Si were found  t o  
increase a f te r  spu t te r ing .  

CONCLUSIONS 

The  most s igni f icant t r e n d  noted by all techniques was the  increase o f  sodium 
and su l fu r  w i th  decreasing par t i c le  size. The re la t i ve ly  more volat i le sodium salts 
may sublimate t o  fo rm v e r y  small part ic les o f  p u r e  salt o r  they  may condense on t h e  
surfaces o f  other part ic les such as aluminosilicates or ig ina t ing  f rom clay minerals of 
t h e  coal. The la t te r  i s  suppor ted  by the  resul ts of t h e  SEM data in Figures 6-3 
and 6-4 and the  ESCA resul ts.  These resul ts suppor t  t h e  va l i d i t y  o f  vaporization- 
condensation mechanisms o f  part iculate formation. A summary o f  t he  possible mech- 
anisms o f  part iculate formation a re  descr ibed b y  Damle and others (10). 

The  work  descr ibed here  i s  p a r t  o f  an  ongoing pro jec t  a t  GFETC t o  develop a 
model f o r  ash formation d u r i n g  t h e  combustion o f  low- rank  coals. 
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Figure 1 .  34 k g / h r  Coal Combustion Unit Eiiiployed f o r  Ash Generation 
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Figure 2 .  Baghouse I n l e t  P a r t i c l e  S ize  
Dis t r ibu t ion  Determined with 
University o f  Washington's 
Mark I11 Cascade Impactor 
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Figure 3 .  X-ray Fluorescence Analysis 
o f  Each Stage from the  SASS 
Train Sampler 
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Figure 7. ESCA Scan o f  Stage 5 o f  t he  Multicyclone 
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Figure 4.  Secondary Electron Image of Par t ic les  from Stage  1 
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Figure 5. Concentration Population Distribution for  SO3 in Particles 
Collected in Stage 5 of the Multicyclone 

222 


